Generation of a homogeneous and abundant population of skeletal muscle cells from human embryonic stem cells (hESCs) is a requirement for cell-based therapies and for a "disease in a dish" model of human neuromuscular diseases. Major hurdles, such as low abundance and heterogeneity of the population of interest, as well as a lack of protocols for the formation of three-dimensional contractile structures, have limited the applications of stem cells for neuromuscular disorders. We have designed a protocol that overcomes these limits by ectopic introduction of defined factors in hESCs -the muscle determination factor MyoD and SWI/SNF chromatin remodeling complex component BAF60C -that are able to reprogram hESCs into skeletal muscle cells. Here we describe the protocol established to generate hESC-derived myoblasts and promote their clustering into tridimensional miniaturized structures (myospheres) that functionally mimic miniaturized skeletal muscles 7 .
Introduction
Because of their unique ability to self-renew while retaining pluripotency, human embryonic stem cells (hESCs) are considered an invaluable resource in regenerative medicine. Stem cell mediated repopulation of diseased muscles and hESC-or induced pluripotent stem cells (iPSC)-derived generation of skeletal muscles for in vitro disease modeling are key goals of studies aimed at identifying treatments and elucidating the pathogenesis of many neuromuscular diseases. However, these studies have been challenged by the resistance of hESCs to convert into skeletal muscle cells and by the paucity of information regarding the molecular regulation of hESC-commitment toward skeletal myogenesis. Indeed, previous attempts to generate skeletal muscle progenitors from hESCs revealed that only embryoid body (EB)-derived progenies or mesenchymal cells are competent to activate skeletal myogenesis following ectopic expression of transcriptional activators (e.g. Pax3 or Myf5) [1] [2] [3] or by exposure to specific culture conditions [4] [5] .
We have previously shown that the SWI/SNF component, BAF60C (encoded by SMARCD3), is an essential component of the transcriptional machinery that allows MyoD-mediated activation of muscle-specific loci 6 . We have recently discovered that the selective absence of BAF60C confers onto hESCs the resistance to MyoD-mediated activation of skeletal myogenesis 7 that is otherwise observed in BAF60C expressing somatic cells [8] [9] [10] , a process commonly referred to as myogenic conversion. Forced expression of BAF60C enables MyoD to directly activate skeletal myogenesis in hESCs, upon specific culture conditions, with BAF60C and MyoD imposing an epigenetic signature that commits hESCs towards the myogenic lineage 7 . Of note, previous proteomic analysis revealed the selective absence of BAF60C, among the SWI/ SNF components, in ESCs
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. We used this knowledge to impose an epigenetic commitment of hESCs onto the myogenic lineage, leading to the generation of a homogeneous population of skeletal myoblasts that could be aggregated to form three-dimensional contractile structures (myospheres) that functionally mimic miniaturized skeletal muscles 7 . Indeed, our method of generating skeletal muscle progenitors from hESCs relies on the epigenetic commitment of hESCs to the myogenic lineage, which is phenotypically latent until cells are exposed to differentiation signals, such as cell aggregation and culture in differentiation medium (see specific protocol). This strategy permits the expansion of a homogeneous population of hESCs that are epigenetically committed to skeletal muscle lineage and suitable to formation of three-dimensional contractile myospheres that recapitulate histological and functional properties of skeletal muscles. The myospheres provide the first evidence of miniaturized muscles exploitable for a "disease in a dish" model of muscular diseases. When generated from patient derived iPSCs, these myospheres have the potential to elucidate longstanding developmental questions and the pathogenesis of rare diseases, in addition to offering the tremendous potential as a tool for high throughput screening of therapeutic compounds. We also note that one immediate readout of myosphere analysis could be provided by immunohistochemistry on sections, as described in a JoVE protocol by Gomes et Representative Results Figure 1A shows a schematic of the protocol proposed to generate myospheres from hESCs. The critical steps to control (indicated by the arrows) are the efficiency of the infection in hESCs and the myogenic conversion within the myospheres.
In our experiments we take advantage of a lentiviral vector encoding BAF60C that carries GFP fluorescence. We usually infect the cells with BAF60C and FACS-sort 72 hr after the infection to enrich for the population expressing BAF60C. When the cells reach around 70-80% of confluence, we infect with MyoD lentivirus. After the first infection it normally takes two or three days for the cells to reach that confluence. Figure 1B shows expression levels of the exogenous genes as fold induction relative to hESCs not infected. Figure 1C shows the expression and distribution at the protein level of the factors introduced. BAF60C expression is shown as GFP fluorescence, while MyoD expression is detected by immunofluorescence with a MyoD antibody. We consider Day 0 the day we start the differentiation of infected hESCs into EBlike aggregates. After 15 days in DM medium, a portion of the myospheres (usually one entire well) is embedded in O.C.T. compound 12 and sectioned to perform immunofluorescence for myogenic markers to check myogenic conversion efficiency. Figure 1D shows representative staining for myogenin and myosin heavy chain in an optimal myogenic differentiation. Myospheres can have different or unusual shapes, perhaps as a result of fusion with smaller myospheres. Starting from Day 10, it is possible to observe sporadic contraction in the myospheres (see movie 1 and 2). 
Discussion
The protocol proposed here describes how to generate three-dimensional clusters of contractile myofibers (myospheres) directly from hESCs. The strategy proposed has the unprecedented and extraordinary potential to produce mini muscles in suspension that can be suitable as a "disease in a dish" model for both screening assays and developmental studies. Moreover, the method to generate myospheres from hESCs is straightforward and does not require any FACS-sorting step during the differentiation, which typically has a negative impact on the yield of cells recovered. Besides, a sorting procedure during the differentiation would interfere with the aggregation since it implies a dissociation of the EB into single cells.
The method proposed is based on the epigenetic reprograming of hESCs with specific factors, MyoD and BaAF60C, which are not expressed in pluripotent embryonic stem cells. MyoD and BAF60C provide the "core" protein complex that marks the genomic loci from which transcription proceeds to activate the skeletal myogenic program. The two factors are delivered to the cells by means of lentiviral infections and it is therefore critical to obtain a high efficiency of infection of both factors in all cells. This can be achieved by using high titer viruses or viruses endowed with selection markers. Culture conditions also play an important role in optimizing the extent of the myogenic differentiation. We propose a serum-based differentiation protocol for the differentiation of MyoD/BAF60C expressing hESCs into clusters of myogenic precursors, followed by incubation in serum-free defined medium (containing insulin transferrin -ITS) to achieve conversion of myogenic precursors into skeletal myotubes. However, it is possible that other defined media can achieve an equal or better myogenic differentiation. One current limitation of the protocol is that it relies on the use of fetal bovine serum, which, besides containing many animal proteins and substances, shows lot-to-lot variations. This may result in lower efficiency or heterogeneity of myogenic conversion within myospheres. Of note, not all the EB-like structures derived from BAF60/MyoD-expressing hESCs are myospheres; namely, some are EB-like aggregates fully composed of myofibers. The number of myospheres normally derived from hESCs expressing BAF60C and MyoD can vary from 30 to 60% as estimated by immunostaining on EB sections performed at the end of the protocol (see Results). A potential approach to enrich a culture dish for only myospheres would be to use a myogenic reporter. This would facilitate discarding the partially or not differentiated EB-like clusters and selecting only the myospheres.
Lastly, a better understanding of the mechanisms underlying the temporal requirements of the factors introduced would be useful to improve the method of delivery. For example, if BAF60C and MyoD are required only for short time to "kick" the cells in the right direction, methods based on modified mRNA delivery might be applied. By contrast, if the factors are required for a longer time before the cells exploit their endogenous proteins, an episomal approach would be recommended to eliminate variability and uncontrolled effects due to integration in the genome. Finally, we note that it is mandatory to express BAF60C prior to or at the same time as MyoD (never after) in order to achieve hESC conversion into skeletal muscles. The requirement for prior expression of BAF60C presumably relies on its role in pre-setting the epigenetic landscape for proper MyoD chromatin distribution through the genome 6, 15 
